Implant-associated inflammation is a major cause for the reduced performance/lifetime and failure of numerous medical devices. Therefore, the ability to non-invasively and quantitatively monitor implantassociated inflammation is critically important. Here we show that implant-associated inflammation can be imaged via fluorescence imaging using near-infrared hydrocyanine dyes delivered either locally or intravenously in living mice. This imaging strategy allowed quantitative longitudinal monitoring of inflammation by detecting reactive oxygen species (ROS) released by inflammatory cells in response to implanted poly(ethylene terephthalate) (PET) disks or injected poly (lactic-co-glycolic acid) (PLGA) microparticles, and exhibited a strong correlation to conventional analysis of inflammation. Furthermore, modulation of inflammatory responses via controlled release of the anti-inflammatory agent dexamethasone was detected using this sensitive imaging approach. Thus, hydrocyanine-based fluorescence imaging of ROS could serve as a surrogate measure for monitoring implant-associated inflammation as well as evaluating the efficacy of therapeutic approaches to modulate host responses to implanted medical devices.
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Introduction
An estimated 25 million people in the U.S. alone rely on implanted medical devices [1] , and the expected U.S. demand for such devices is increasing at 8% each year [2] . Although many medical devices perform adequately for years, implantation of biomaterials and medical devices elicits a dynamic host inflammatory response [3] that severely limits the integration and longterm performance of various devices, including joint prostheses, chemical biosensors, electrical leads/electrodes, therapeutic delivery systems, and tissue-engineered constructs, affecting millions of patients each year. There is therefore a compelling need for developing minimally invasive approaches to monitor and assess implant-associated inflammation, especially in clinically challenging cases involving trauma, infection, and compromised tissue beds. In addition, the ability to measure device-associated inflammation is crucial to determine when to initiate therapeutic strategies to modulate inflammation. Current strategies to image inflammation predominantly rely on contrast agents designed for ultrasound [4] and magnetic resonance imaging [5, 6] . These modalities, however, have limited potential as they can be problematic for imaging in the vicinity of devices containing metals and electromagnetic components. In addition, as the majority of these contrast agents are based on nanoparticles targeting the overexpression of cell surface receptors or the presence of inflammatory cells, the ability of these imaging agents to extravasate into the avascular fibrotic tissue surrounding the implant to reach their putative targets remains debatable due to diffusion limitations [7] . Furthermore, as most of these contrast agents rely on antibodies for targeting, they can complicate the clinical translation of these agents because of off-target effects or immune responses to these targeting antibodies. Whereas chemiluminescent agents such as luminol and its derivatives circumvent these issues and have been used for imaging implant-associated inflammation [8] , the intrinsic blue spectral output of luminol (l max ¼ 425 nm) severely limits tissue depth resolution strictly restricting its use to superficial two dimensional (2-D) visualization of only a few millimeters of tissue. Toward this end, near-infrared fluorescence (NIRF) imaging offers excellent characteristics for optical imaging [9] enabling deeper tissue penetration (up to several centimeters in various human tissues such as breast [10, 11] , muscle [12] and brain [13] ) with reliable three-dimensional (3-D) image reconstruction [14] , high sensitivity, high versatility, low autofluorescence and more importantly, substantial clinical compatibility with existing fluorescence imaging instrumentations.
We have recently developed a new family of fluorescent small molecule imaging probes, termed the hydrocyanines that possess unique physical/chemical properties for imaging ROS in vivo [15] (Fig. 1a) . ROS, which comprise oxygen radicals and peroxides, have been widely implicated to play a fundamental role in the inflammatory response to implanted biomaterials [16, 17] . Elevated levels of ROS, released by macrophages and neutrophils around the vicinity of an implant, act as cell signaling molecules that upregulate cytokines and other inflammatory mediators that induce inflammatory cell recruitment, foreign body giant cell formation, and fibrous encapsulation, ultimately leading to implant degradation and failure [3] . We hypothesized that the levels of ROS are a reliable indicator of the severity of inflammation and hence could serve as an excellent diagnostic marker for monitoring inflammation near the vicinity of an implanted device. Herein we describe a new minimally invasive approach for real-time fluorescence imaging of implant-associated inflammation by detecting ROS released around the vicinity of an implant (Fig. 1b, left panel) and longitudinally monitoring the effects of anti-inflammatory agents delivered to treat implant-associated inflammation (Fig. 1b , right panel) using NIRF ROS sensors. This fluorescence imaging modality represents a practical system with considerable clinical translational capability for the evaluation/diagnosis of device-associated inflammation and may enhance the development of effective therapeutic regimens to improve device biocompatibility and performance.
Materials and methods

Preparation of hydrocyanines
The hydrocyanines were synthesized from cyanine dyes Cy5 (Sigma), Cy7 (Sigma), and ICG (Acros Organics) by reduction with sodium borohydride as described previously [15] . Briefly, 2 mg of dye was dissolved in 4 ml methanol (Sigma) and was reduced by adding 2e3 mg of sodium borohydride (Aldrich). The reaction mixture was then stirred for 5 min and the solvent was removed under reduced pressure. The resulting solid was nitrogen capped and was either used immediately or stored overnight at À20 C. For H-Cy7, the resulting solid was further dissolved in diethyl ether and was filtered to remove solid precipitates. The solvent was removed again under reduced pressure and the reduced dye thus obtained was either used immediately without further purification or stored overnight at À20 C.
PET implantation and ROS bioimaging in mice
Sterile, endotoxin-free PET disks (8 mm diameter) were implanted subcutaneously following IACUC-approved procedures in 6e8 wk old male BALB/c mice (Jackson Laboratories) anesthetized by isofluorane. A single 1-cm incision was made on the dorsum proximal to the spine, and a subcutaneous pocket laterally spanning the dorsum was created. Sterile disks (two per subject on either side of the spine) were implanted, and the incision was closed using sterile wound clips. Mice undergoing the same surgical procedure but receiving no biomaterial implants were used as sham controls to account for surgery-associated trauma/inflammation.
For bioimaging, 30 ml of hydro-indocyanine green (H-ICG) at a concentration of 1 mg/ml in sterile water was injected near the vicinity of the implant. Thirty minutes after dye injection, the animal was anesthetized and the whole body of the animal was scanned in an IVIS Lumina Ò bioimaging system (Xenogen). Biofluorescence was integrated using Living Image Ò software Version 3.1 (Xenogen). ROS bioimaging was performed 30 min after dye injections immediately following surgery/implantation and 1, 4, 7 and 14 days post-surgery/implantation.
Conventional implant analysis
Mice were sacrificed at specific time points (1, 4, 7 and 14 days postimplantation) and the PET disks were carefully explanted with the surrounding tissue intact to avoid disrupting the cellematerial interface. Explants were embedded in optimal cutting temperature compound (Tissue-Tek) and cryosectioned at 10 mm. Histological sections were obtained with hematoxylin and eosin (H&E) staining for nuclei (dark blue) and cytoplasm (pink). For immunohistochemical staining, fresh-frozen cryostat sections were incubated in 100 mM hydroCy5 (H-Cy5) for 45 min at 37 C to stain for intracellular ROS. Following incubations in H-Cy5, sections were fixed with 4% paraformaldehyde and were stained with primary rat monoclonal antibodies (Abcam) against the macrophage marker, CD68 or neutrophil marker, NIMP-R14. AlexaFluor 488-conjugated goat anti-mouse specific antibody (Invitrogen) was used as a secondary antibody. The sections were mounted with antifade mounting media containing 4 0 ,6-diamidino-2-phenylindole (DAPI, Vector Labs) and imaged under a Nikon C1 imaging system. Five-six fields per sample were acquired and ImagePro software (Media Cybernetics) was used to count the fluorescent-labeled cells.
Preparation of PLGA-dexamethasone (PLGA-dex) microparticles
Dexamethasone (Sigma) loaded or blank PLGA (RESOMER Ò RG 503 H, Mw 24,000e38,000, Aldrich) microparticles were prepared using a solvent evaporation method as described previously [18] . Briefly, 0.5 g PLGA was dissolved in 2 ml methylene chloride (Sigma). For dexamethasone loaded microspheres, 50 mg of dexamethasone was dispersed in this solution using a homogenizer (PowerGen 700D, Fisher Scientific) at 9500 rpm for 2 min. This organic phase was emulsified in 10 ml of a 1% (w/v) polyvinyl alcohol (PVA, average MW 30e70 kDa, Aldrich) solution and homogenized at 10,000 rpm for 3 min. The resultant emulsion was poured into 300 ml of a 0.1% (w/v) PVA solution and stirred at 600 rpm for 3 h protected from light inside a laminar flow hood. The hardened microspheres were washed three times with de-ionized water and were collected by centrifugation at 7500 rpm for 15 min at 15 C. The prepared microspheres were then freeze-dried under vacuum overnight and stored at À20 C until further use.
Intramuscular injections of PLGA microparticles and longitudinal ROS bioimaging in mice
Under general anesthesia, hair from the hind legs of the animals was removed using a depilatory and cleaned with 70% isopropyl alcohol. Saline injected controls or empty PLGA particles or PLGA particles loaded with dexamethasone (5 mg in 100 ml of PBS) were then injected intramuscularly into the thigh muscle of the mice. On days 7 and 14 post-injections, 50 ml of hydro-Cy7 (H-Cy7) at a concentration of 0.5 mg/ml in saline supplemented with 10% Cremophor Ò EL and 10% absolute ethanol was injected into the jugular vein percutaneously. Ten-15 min after intravenous dye injections, animals were scanned immediately in an IVIS Lumina Ò bioimaging system (Xenogen) and biofluorescence of imaging data sets was acquired and quantified using Living Image Ò software Version 3.1.
Statistical analysis
Data are reported as average mean AE s.e.m. Statistical analysis was performed by two-way ANOVA using Tukey post-hoc test with P 0.05 considered significant. For longitudinal ROS bioimaging studies, a two-way repeated measures ANOVA was used to minimize variance within subjects. Pair-wise comparisons were performed using Bonferroni post-hoc test with P 0.05 considered significant.
Results
The hydrocyanines are synthesized from commercially available cyanine dyes via a one-step reduction with sodium borohydride [15] . They possess excellent stability to auto-oxidation, tunable emission wavelengths, and importantly, high selectivity and specificity as well as nanomolar sensitivity to ROS. In addition, they are small molecules that can diffuse from the injection site or vascular bed into the tissue and cells directly associated with the implanted device. These attributes render hydrocyanines ideal probes for detecting implant-associated inflammation.
We first evaluated the ability of H-ICG, a membrane impermeable NIRF ROS sensor, to image extracellular ROS associated with inflammatory responses to implanted biomaterials. Of note, ICG is a FDA-approved fluorophore that has found wide use as a noninvasive imaging agent in the human eye [19] , brain [20] , breast [11] , liver [21] , spinal cord [22] , kidney [23] and cancer [11, 24] . PET disks were implanted under the skin in the backs of mice. PET is used in many biomedical devices including sutures, vascular grafts, sewing cuffs for heart valves, and components for percutaneous access devices. Mice undergoing the same surgical procedure but receiving no PET implants were used as sham controls to account for surgery-associated trauma/inflammation. At prescribed times following implantation, anesthetized mice received a single local injection of H-ICG dye near the vicinity of the surgery site/implant 30 min prior to imaging via an IVIS fluorescence imaging system (Fig. 2a) . Mice receiving biomaterial implants exhibited significant increases in fluorescence signal over time (P < 0.01), whereas the sham control showed no time-dependent differences (Fig. 2b) . Importantly, the implant group displayed 2.5-fold higher signal compared to the sham group at days 7 and 14 post-implantation. No differences in fluorescence signal were observed between implant and sham groups at the early time points. Furthermore, control mice which only received local dye injections but no surgery demonstrated significantly lower (2-fold) fluorescence signal compared to sham controls at all time points. These results demonstrate that ROS dyes injected locally can detect ROS activity associated with biomaterial-induced inflammation with no cellular toxicity (Supp. Fig. 1 ).
We next examined whether multiple, sequential doses of ROS dyes could be used to track ROS activity over time in the same animal. This experiment is critical to establish the potential of these dyes as minimally invasive sensors for continuously monitoring inflammation. As shown in Fig. 2c , no differences in fluorescence signal were observed between mice receiving a dye injection only once (30 min prior to imaging) or mice receiving an injection at multiple time points 30 min prior to imaging. To exclude the possibility that the fluorescence signal observed was residual fluorescence from sensors delivered at previous time points, mice in the multiple dosing group were scanned before each imaging session. These results showed that fluorescence signals decreased to near or comparable background imaging levels before the start of an active imaging session, demonstrating dye clearance. This result confirmed that the observed fluorescence values were due to the ROS sensor delivered 30 min before the current imaging session rather than residual fluorescence from previous dye injections.
Following imaging, mice were sacrificed and the PET disks were retrieved along with implant-associated tissues and analyzed for conventional measures of inflammation to correlate the ROS signal with implant-related inflammation. Histological analysis showed the formation of a collagenous fibrous capsule around the implants of increasing thickness with implantation time (Fig. 3a) , a hallmark of chronic inflammation to biomaterials. We measured the fibrous capsule thickness of the explants (Fig. 3b ) and correlated them with the corresponding ROS fluorescence signals. Remarkably, fibrous capsule thickness correlated strongly with the ROS fluorescence signal (r w 0.97) (Fig. 3c) . This result indicates that ROS imaging can be used as a minimally invasive surrogate measure of biomaterialassociated fibrous capsule formation.
Using immunohistochemistry, we analyzed macrophage (CD68þ) and neutrophil (NIMP-R14þ) recruitment to the implant (Fig. 4) . In addition, we co-stained for ROS activity using hydro-Cy5 (H-Cy5) as previously described [25] (Fig. 4a) . We observed a massive influx of inflammatory cells (>80% of all cells; 45% neutrophils, 35% macrophages) to the vicinity of the implant at the acute stages of implantation (day 1) (Fig. 4b) . Over time, the number of neutrophils steadily decreased (<20% by day 14) whereas the number of macrophages remained constant around 30% of the total number of cells (Fig. 4b) . This time-dependent cellular profile is consistent with previous analyses [3] . Importantly, co-staining analysis for inflammatory cell markers and ROS activity demonstrated that neutrophils and macrophages are primarily responsible for the ROS activity associated with the implant (Fig. 4c) . At day 1, over 90% of the ROS activity co-localized with neutrophils and macrophages (Fig. 4c) . By day 14, macrophages co-localized with >60% of ROS activity while neutrophils had lower (20%) co-localization with ROS activity (Fig. 4c) . This constant expression of ROS activity by macrophages and decrease in neutrophil activity are in excellent agreement with literature [3] . Taken together, these results demonstrate that minimally invasive ROS imaging provides a reliable marker of biomaterial-associated inflammation and can be correlated to standard, end-point/ destructive analyses of inflammation. We next examined whether our imaging strategy could detect attenuation in inflammatory responses in response to delivery of anti-inflammatory agents from PLGA microparticles. PLGA is a FDAapproved degradable polymer used in sutures, orthopedic devices, and drug delivery matrices. PLGA microparticles loaded with or without the anti-inflammatory drug dexamethasone (dex) were prepared using standard methods. These biomaterial particles provide for controlled release of dex (Supp. Fig. 2) . Empty PLGA microparticles or PLGA microparticles loaded with dex were injected into the thigh muscle of mice. Mice receiving saline were treated as controls (Fig. 5a) .
To image inflammation, we chose H-Cy7, a membrane permeable intracellular ROS sensor, for intravenous (i.v.) delivery at days 7 and 14 post-microparticle injection (Fig. 5a ). The rationale for choosing H-Cy7 is that upon oxidation with intracellular ROS, H-Cy7 becomes a charged and membrane impermeable molecule thereby accumulating within cells that overproduce ROS. We hypothesized that this unique property would allow for a reduced working concentration and injection volume of H-Cy7 enabling a high signal to noise ratio. Animals were imaged in an IVIS imaging system 10e15 min after intravenous injections (Fig. 5a) . Empty PLGA microparticles generated strong ROS signals that increased over time and were significantly higher than the saline-only controls (Fig. 5b,c) . This strong ROS signal is expected because PLGA microparticles generate significant inflammation. Importantly, the ROS signal was localized to the area where the microparticles were injected. This result demonstrates that intravenously delivered ROS sensors can detect local inflammatory responses to biomaterials. Furthermore, the ROS signal associated with PLGA microparticles releasing dex was significantly lower than the signal for empty microparticles (Fig. 5b,c) , showing that the ROS sensors can be used to monitor the effects of therapeutic anti-inflammatory agents.
We next performed histological analysis on the explanted thigh muscle of mice. We observed significantly higher number of inflammatory cells around empty PLGA microparticles compared to PLGA microparticles releasing dex (Fig. 5d ). This result was further confirmed by immunohistochemical staining for CD68 which showed significantly higher numbers of macrophages around empty PLGA microparticles than around PLGA microparticles releasing dex (Fig. 5e) . Consistent with our previous observations, these results demonstrate that the ROS signal correlates with conventional markers of implant-associated inflammation.
Discussion
The development of NIR flurophores and nanoparticles has led to significant advances in non-invasive imaging of key biological processes ranging from molecular function to inflammatory pathological disease states. Notably, in vivo NIRF imaging has been extensively employed to investigate the role of inflammation in atherosclerosis [26] , asthma [27] , arthritis [28] , chronic kidney disease [29] , muscular dystrophy [30] , intestinal injury [31] and inflammatory plasma leakage [32] . Activated macrophages, the major effector cell type that predominate across all these inflammatory disease states, upregulate the release of a broad spectrum of inflammatory mediators including ROS, cytokines, chemokines and proinflammatory signaling molecules that promote disease progression. In biomedical applications, implanted biomaterials have shown to induce inflammatory cells to produce ROS throughout the lifetime of an implant often leading to implant failure [3] . Evidently, ROS released by stimulated macrophages present an attractive target for developing de novo molecular imaging strategies to define and understand the inflammatory processes and to devise effective diagnostic and therapeutic approaches to treat these inflammatory conditions. In this study, we have exploited the increased levels of ROS present near the vicinity of an implant to develop a minimally invasive NIRF imaging modality to visualize implant-associated inflammation using novel fluorescent ROS sensors termed the hydrocyanines.
The hydrocyanines are fluorescent probes in the NIR spectral region (600e900 nm) that can detect ROS in living cells and tissues in vivo [15] . In their reduced state, they are weakly fluorescent because of their disrupted p conjugation; however, oxidation with ROS regenerates their extended p conjugation dramatically increasing their fluorescence intensity [15] . Although fluorescent probes such as dihydroethidium, dihydrorhodamine, or sulphonate ester-based dyes have been used for detecting ROS, their spontaneous auto-oxidation, rapid photobleaching, high toxicity, low emission wavelengths, and multiple reaction products with ROS severely limit their applications for in vivo imaging [33, 34] . Recently, luminol-mediated chemiluminescence imaging has shown promise for imaging implant-associated inflammation in vivo [8] . While useful, luminol reacts with many ROS products and oxidizing agents released during phagocytic oxidative burst [8, 35] and hence does not possess the required specificity and selectivity for detecting specific ROS levels as the hydrocyanines [15] . Furthermore, chemiluminescence imaging has limited clinical applicability as it is characterized by low sensitivity in the visible region, limited availability of luminescent probes, reduced tissue penetration depth at shorter wavelengths that restricts it to 2-D imaging, and presents a significant challenge for 3-D image reconstruction.
By contrast, numerous NIRF agents are widely in use for various analytical and diagnostic applications [36] . Furthermore, the applicability of these NIRF agents as targeted molecular probes for various imaging modalities is quite promising. For example, the IRDye Ò 800CW imaging agents from LI-COR Ò are moving toward FDA approval for use in various clinical applications including tumor targeting, angiography and image-guided surgery. Similarly, NIRF probes for catheter-based imaging of high-risk plaques in coronary-sized arteries [26, 37] are gaining traction for evaluation in human clinical trials. In addition, comprehensive 3-D visualizations of tumor xenografts [14] and bone remodeling [38] have already been demonstrated in living mice using NIR probes via fluorescence lifetime tomography and fluorescence molecular tomography. Although the 3-D spatial resolution in fluorescence imaging is currently limited, this shortcoming may be overcome by combining it with high resolution anatomical imaging modalities such as magnetic resonance imaging and X-ray computed tomography through multimodal imaging [39, 40] . These advancements are significant and highlight the myriad possibilities that hydrocyanine-based fluorescence imaging could offer for imaging ROS implicated in the development and progression of inflammatory pathologies in various disease states.
Conclusions
Implant-associated inflammation can be readily imaged via fluorescence imaging using NIR hydrocyanine dyes delivered either locally or intravenously in living mice. The ability to deliver these NIR small molecule probes intravenously to monitor local implantrelated inflammation is a critical feature for practical imaging in deeper tissues and overcomes limitations associated with antibody-functionalized nanoparticles and chemiluminescence substrates. This imaging strategy provides for quantitative, longitudinal monitoring of inflammation by detecting ROS released by inflammatory cells in response to implanted medically-relevant polymeric bulk discs and microparticles. Importantly, the ROS signal intensity serves as a surrogate measure of inflammation, strongly correlating to conventional analysis of inflammation such as neutrophil and macrophage recruitment and fibrous capsule thickness. Furthermore, the hydrocyanines can be used to evaluate the efficacy of therapeutic approaches to modulate host responses to implanted medical devices. 
